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Summary
Objective: To investigate whether foot structure and dynamic foot function differ between older people with and without radiographically
conﬁrmed osteoarthritis (OA) of the talo-navicular joint (TNJ) and navicular-ﬁrst cuneiform joint (N1stCJ).
Method: Dorso-plantar and lateral weighbearing foot radiographs (right feet) were obtained from 205 older people aged 61e94 years, and the
presence of OA in the TNJ and N1stCJ was determined using a standardized atlas. Foot structure was assessed using a clinical measure (the
arch index [AI]) and two radiographic measures (calcaneal inclination angle [CIA] and calcaneal-ﬁrst metatarsal angle [C1MA]). Dynamic
plantar pressure assessment during walking was undertaken using the Tekscan MatScan system.
Results: Thirty-ﬁve participants exhibited radiographic OA in the TNJ and N1stCJ. There were no signiﬁcant differences between the groups in
relation to age, sex, weight or walking velocity. Compared to those without OA in these joints, those with OA had signiﬁcantly ﬂatter feet, as
evidenced by larger AI (0.26 0.05 vs 0.25 0.05, P¼ 0.02), smaller CIA (18.5 6.3 vs 21.3 5.4, P< 0.01) and larger C1MA (137.0 9.3
vs 132.4 8.0, P< 0.01), and exhibited signiﬁcantly higher maximum forces in the midfoot (15.2 7.3 vs 11.2 7.0 kg, P< 0.01; 36%
increase).
Conclusion: Older people with radiographic OA of the TNJ and N1stCJ exhibit ﬂatter feet and increased loading of the plantar midfoot when
walking. Excessive loading of the midfoot may predispose to OA by increasing dorsal compressive forces, although prospective studies are
required to conﬁrm whether this relationship is causal.
Crown Copyright ª 2009 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. All rights reserved.
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Foot pain, swelling and/or stiffness affect 18% of adults
aged over 55 years of age1, and radiographic studies
have conﬁrmed a high prevalence of joint degeneration in
the foot in this age-group2,3. Several authors have
suggested that structural and biomechanical factors may
contribute to foot osteoarthritis (OA)4,5. For example, OA
of the ﬁrst metatarsophalangeal joint of the foot, commonly
referred to as hallux limitus or hallux rigidus, is thought to be
caused by compression of the dorsal aspect of the joint
during the propulsive phase of gait in people with an exces-
sively wide ﬁrst metatarsal, wide proximal phalanx and long
sesamoids6. Similarly, excessive joint compression during
gait may also contribute to the development of OA in the
tarsometatarsal joints in the presence of an excessively
long second metatarsal7. Structural and mechanical factors
associated with OA in other foot joints, however, have not
been explored in detail.*Address correspondence and reprint requests to: Hylton B.
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317One of the difﬁculties in exploring the potential mechani-
cal aetiology of foot OA has been delineating the functional
roles of the many small joints in the foot, particularly the
tarsal joints8. However, recent biomechanical research
utilising invasive bone pins indicates that the talo-navicular
joint (TNJ) and navicular-ﬁrst cuneiform joint (N1stCJ) can
be considered a functional unit, not only because they
both articulate with the navicular, but also because these
joints demonstrate a similar pattern of rotation in the frontal
and transverse planes when walking9. Speciﬁcally, these
medial midfoot joints appear to play a key role in prona-
tion/supination movements of the foot, which facilitate the
dual roles of the foot as a shock absorber and rigid lever
for propulsion during gait. Therefore, in order to investigate
the possible role of foot mechanics to the development of
OA in the medial midfoot, it is reasonable to combine the
TNJ and N1stCJ.
The aim of this study was to investigate whether foot
structure and dynamic foot function differ between older
people with and without radiographically conﬁrmed OA of
both the TNJ and N1stCJ. We hypothesized that those
with OA would have ﬂatter feet and would generate greater
forces through the plantar midfoot when walking, thereby
providing a possible biomechanical explanation for arthritic
changes commonly observed in the medial midfoot in this
population.
318 H. B. Menz et al.: Foot structure and midfoot osteoarthritisMethodsPARTICIPANTSThe sample comprised 205 people (71 men and 134 women) aged
between 62 and 94 years (mean 76.0 6.6) who were taking part in a larger
study of the effect of OA on balance and falls. Participants were recruited
from two sources: a retirement village (n¼ 93) and a university health
sciences clinic (n¼ 112). Invitation letters were sent to all residents of the
retirement village, with a response rate of 55% (176/322). Of these, 53%
(93/176) consented to having foot X-rays. Invitation letters were also sent
to a randomly selected group of 1000 patients aged over 65 years from
a database of 1128 patients attending a university health sciences clinic,
with a response rate of 11.2% (112/1000), all of whom consented to having
foot X-rays. The exclusion criteria for this analysis were a history of rheuma-
toid arthritis or other inﬂammatory condition, inability to walk household
distances without the use of a walking aid, or a score of less than 7 on
the Short Portable Mental Status Questionnaire10. Major medical conditions
were determined through a structured interview using a checklist of 14 con-
ditions (preceded with the question ‘‘Do you have/have you ever had.’’).
Those who reported OA were asked whether it affected their hands, spine,
hips, knees or feet. Participants were also asked whether they had pain in at
least one foot. Height (cm), weight (kg) and body mass index (BMI) (kg/m2)
were calculated for each participant. Characteristics of the participants are
shown in Table I. The Human Ethics Committee at La Trobe University
and the Radiation Advisory Committee of the Victorian Department of
Human Services approved the study, and written informed consent was
obtained from all participants.RADIOGRAPHIC ASSESSMENTWeightbearing dorso-plantar and lateral radiographic projections were
obtained from both feet of participants standing in relaxed bipedal stance.
All X-rays were taken by the same medical imaging department using
a Shimadzu UD150LRII 50 kW/30 kHz Generator and 0.6/1.2 P18DE-
80S high speed X-ray tube from a ceiling suspended tube mount. AGFA
MD40 CR digital phosphor plates in a 24 cm 30 cm cassette were
used. For dorso-plantar projections, the X-ray tube was angled 15 ceph-
alad and centred at the base of the third metatarsal. For lateral projections,
the tube was angled 90 and centred at the base of the third metatarsal.
The ﬁlm focus distance was set at 100 cm for both projections.
The presence of radiographic OA in the TNJ and N1stCJ was diagnosed
using a recently developed foot OA atlas11,12. The atlas consists of
standardized dorso-plantar and lateral radiographs of commonly affected
joints of the foot. For each joint, the presence of osteophytes was graded
as absent (score¼ 0), small (score¼ 1), moderate (score¼ 2) or severe
(score¼ 3), and presence of joint space narrowing was graded as none
(score¼ 0), deﬁnite (score¼ 1), severe (score¼ 2), or joint fusion at atleast
one point (score¼ 3). Participants were deemed to have medial midfoot OA
if they scored 2 or above for either osteophytes or joint space narrowing on
either the dorso-plantar or lateral radiographic projection for the N1stCJ, and
2 or above for either osteophytes or joint space narrowing on the dorso-plan-
tar radiographic projection for the TNJ. Classiﬁcation of OA using this atlas
has previously been shown to have high testeretest and inter-examiner
reliability11.Table I
Participant characteristics. Figures are n (%) unless otherwise
noted. Presence of medical conditions was determined by self-
report. Only conditions with a prevalence> 5% are reported
Age in years, mean (SD) 76.0 (6.6)
Males/females 71 (35.0)/134 (65.0)
Height in cm, mean (SD) 162.0 (8.6)
Weight in kg, mean (SD) 73.0 (14.1)
BMI in kg/m2, mean (SD), [range] 27.8 (4.5), [18.0e42.2]
Obese (BMI 30 kg/m2) 58 (28.3)
OA 146 (71.2)
Hands/wrists 82 (40.0)
Hip 41 (20.0)
Knee 81 (39.5)
Feet 44 (21.5)
Cardiac disease 43 (21.0)
Diabetes mellitus 31 (15.1)
Hypertension 122 (59.5)
Cancer 30 (14.6)
Foot pain 75 (36.6)FOOT POSTURE ASSESSMENTFoot posture was assessed using one clinical measurement (the arch
index [AI]), and two radiographic measurements obtained from the lateral
projection (the calcaneal inclination angle [CIA], and calcaneal-ﬁrst metatar-
sal angle [C1MA]). To calculate the AI, static footprints were obtained using
carbon-paper imprint material with the participant standing in a relaxed
position. Using a computer graphics tablet and graphics software, the AI
was calculated as the ratio of area of the middle third of the footprint to the
entire footprint area ignoring the toes. The lower the arch, the higher the
AI13. See Fig. 1. The CIA was deﬁned as the angle between the tangent
of the inferior surface of the calcaneus and the supporting surface, with
a lower score indicating a ﬂatter foot14. The C1MA was deﬁned as the angle
subtended by the tangent to the inferior surface of the calcaneus and a line
drawn along the dorsum of the midshaft of the ﬁrst metatarsal. A higher
C1MA indicates a ﬂatter foot14. See Fig. 2. The reliability of these measure-
ments has been previously established14.PLANTAR PRESSURE MEASUREMENTPlantar pressures were recorded during level barefoot walking using the
MatScan system (Tekscan, Boston, MA). This system consists of a 5 mm
thick ﬂoor mat (432 mm 368 mm) incorporating 2288 resistive sensors
(1.4 sensors/cm2) sampling at a rate of 40 Hz. The two-step gait initiation
protocol was used to obtain foot pressure data, as it requires fewer trials
than the midgait protocol and has similar retest reliability15. Three trials
were recorded, which has been found to be sufﬁcient to ensure adequate re-
liability of pressure data16,17. Following data collection, the Research Foot
software (version 5.24) was used to construct individual polygonal areas
(known as ‘‘masks’’) to determine peak pressures for the whole foot and un-
der seven regions of the foot: hallux, lesser toes, ﬁrst metatarsophalangeal
joint, second metatarsophalangeal joint, third to ﬁfth metatarsophalangeal
joints, midfoot and heel. An average of the three trials was used for the anal-
ysis. As walking speed is known to inﬂuence plantar pressure values18e20,
each participant’s walking speed (m/s) was independently calculated as
the time taken to walk 10 m at a normal comfortable speed.STATISTICAL ANALYSISOnly data from the right foot was analysed, in order to meet the indepen-
dence assumption of statistical analysis21. All data were explored for normal-
ity prior to inferential analysis. The analysis was undertaken in three stages.
First, differences between participants with and without medial midfoot OA
were determined using c-squared tests for dichotomous variables and inde-
pendent samples t tests for continuous variables. To determine the magni-
tude of any differences in maximum force values during gait between the
two groups, percentage differences and effect sizes (Cohen’s d ) were calcu-
lated. Second, to determine the relative importance of these variables inC
B
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Fig. 1. Calculation of the AI. The length of the footprint excluding the
toes (L) is divided into equal thirds. The AI is then calculated as the
area of the middle third of the footprint divided by the entire footprint
area (AI¼B/[AþBþC]).
AB
Fig. 2. Arch measurements obtained from lateral radiograph.
A¼CIA, B¼C1MA.
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found to signiﬁcantly differ between the groups (or approach signiﬁcance)
were then entered as covariates into a forward conditional logistic regression
model with midfoot OA as the dependent variable. Third, associations
between foot posture measurements and maximum forces during gait
were determined using Pearson’s r correlation coefﬁcient. Level of signiﬁ-
cance was set at a¼ 0.05. All analyses were undertaken using SPSS
Release 15.0 for Windows (SPSS, Inc., Chicago, IL).ResultsPREVALENCE OF RADIOGRAPHIC OA IN THE STUDY
POPULATIONThe frequency of radiographic OA in the total sample
(right foot only) was as follows: ﬁrst metatarsophalangeal
joint (49.8%), ﬁrst cuneo-metatarsal joint (22.9%), N1stCJ
(39.5%), TNJ (35.6%) and second cuneo-metatarsal joint
(65.4%). Thirty-ﬁve participants (17.1%) exhibited OA in
both the N1stCJ and TNJ (the case group for this study).CHARACTERISTICS OF PARTICIPANTS WITH AND WITHOUT
MEDIAL MIDFOOT OATable II shows the characteristics of participants with and
without medial midfoot OA. There were no signiﬁcant differ-
ences between the groups in relation to sex (c2¼ 3.99,
df¼ 1, P¼ 0.05), age (t203¼ 0.14, P¼ 0.89), weight
(t203¼0.87, P¼ 0.38), foot pain (c2¼ 2.61, df¼ 1,
P¼ 0.08) or walking speed (t203¼ 1.99, P¼ 0.05), although
differences between the groups for sex, foot pain andTable II
Characteristics of participants with and without medial midfoot OA.
Figures are n (%) unless otherwise noted
Without OA
(n¼ 170)
With OA
(n¼ 35)
P value
Gender (% female) 62.4 80.0 0.05
Age in years, mean (SD) 76.0 (6.5) 75.9 (7.0) 0.89
Height in cm, mean (SD) 162.6 (8.7) 159.0 (7.4) 0.03
Weight in kg, mean (SD) 72.6 (14.1) 74.9 (13.7) 0.38
BMI in kg/m2, mean (SD) 27.4 (4.4) 29.5 (4.7) 0.01
Foot pain 58 (34.1) 17 (48.6) 0.08
Foot OA (self-reported) 29 (17.1) 15 (42.9) <0.01
Walking velocity in m/s,
mean (SD)
0.89 (0.19) 0.82 (0.22) 0.05
Foot posture, mean (SD)
AI 0.24 (0.05) 0.26 (0.05) 0.02
CIA 21.3 (5.4) 18.5 (6.3) <0.01
CIMA 132.4 (8.0) 137.0 (9.3) <0.01walking speed approached statistical signiﬁcance. Those
with medial midfoot OA were shorter (t203¼ 2.22, P¼ 0.03)
had a higher BMI (t203¼2.56, P¼ 0.01), and were more
likely to report foot OA (c2¼ 11.46, df¼ 1, P< 0.01). Foot
posture measurements all indicated a relatively ﬂatter foot
in those with medial midfoot OA, as evidenced by signiﬁ-
cantly larger AI (t202¼2.34, P¼ 0.02), smaller CIA
(t202¼ 2.73, P< 0.01) and larger C1MA (t203¼3.03,
P< 0.01). Representative radiographs of participants with
and without medial midfoot OA are shown in Fig. 3.PLANTAR FORCES DURING GAIT IN PARTICIPANTS WITH AND
WITHOUT MEDIAL MIDFOOT OATable III shows the maximum force values recorded under
different regions of the foot in participants with and without
medial midfoot OA. There were no signiﬁcant differences
between the groups for any of the maximum force values,
with the exception of signiﬁcantly greater midfoot maximum
force in those with medial midfoot OA (36% increase;
t203¼3.03, P< 0.01). The effect size for this difference
was d¼ 0.57 (95% conﬁdence interval [CI] 0.20e0.94).
Representative plantar pressure recordings of participants
with and without medial midfoot OA are shown in Fig. 4.LOGISTIC REGRESSION MODELThe forward conditional logistic regression model incor-
porating maximum midfoot force, walking velocity and BMI
revealed maximum midfoot force to be the only signiﬁcant
independent predictor of midfoot OA (odds ratio¼ 1.07,
95% CI 1.02e1.13, P< 0.01).CORRELATIONS BETWEEN FOOT POSTURE VALUES AND
MAXIMUM FORCES UNDER THE FOOTMaximum force in the midfoot was signiﬁcantly associ-
ated with AI (r¼ 0.28, P< 0.01), CIA (r¼0.38, P< 0.01)
and C1MA (r¼ 0.39, P< 0.01).Discussion
Despite the high prevalence of foot symptoms1,22 and
radiographic foot OA in older people2,3, few studies have
explored whether biomechanical factors play a role in the
development of arthritic changes within the foot. While
structural factors have been considered in relation to OA
of the ﬁrst metatarsophalangeal joint6 and the tarsometatar-
sal joints7, no studies have so far explored the medial mid-
foot joints, which play an important role during gait by
contributing to shock absorption and adaptation to uneven
terrain9. Our results indicate that older people with radio-
graphically-conﬁrmed OA of the TNJ and N1stCJ not only
have signiﬁcantly ﬂatter feet (as evidenced by both clinical
and radiographic measures of foot posture), but also dem-
onstrate signiﬁcantly greater dynamic loading of the midfoot
when walking. The proposed relationship between foot pos-
ture, midfoot loading and OA is strengthened by the fact that
(1) there were no differences in bodyweight between the
two groups, (2) no differences in plantar loading in other re-
gions of the foot were observed, and (3) signiﬁcant associ-
ations were found between the foot posture measurements
and maximum force under the midfoot.
Although prospective studies would be required to deter-
mine whether the associations we have observed between
ﬂat feet, increased midfoot loading and medial midfoot OA
Fig. 3. Representative radiographs of participants. A: participant without medial midfoot OA, with CIA of 19, and C1MA of 137. B: participant
with medial midfoot OA, with CIA of 14, and C1MA of 143. Dorsal osteophytes evident at both TNJ and N1stCJ.
320 H. B. Menz et al.: Foot structure and midfoot osteoarthritisare causal, previous biomechanical and experimental stud-
ies have provided a biologically plausible explanation for
such a relationship. In patients with rheumatoid arthritis,
pes planus has been shown to be associated with in-
creased midfoot pressures23 and increased eversion of
the rearfoot24, indicating that plantar loading patterns are re-
lated to the kinematic function of the foot. Furthermore, us-
ing cadaver models, Kitaoka and colleagues have shown
that the TNJ undergoes the greatest range of screw axis ro-
tation of all the tarsal joints when axial loads are applied25,
and when arch supporting structures are sectioned to sim-
ulate an unstable, pes planus foot, TNJ motion increases26,
and contact pressures between the talus and navicular shift
dorsally and increase in magnitude27. Taken together,
these ﬁndings support the notion that a ﬂat foot may result
in increased joint compressive forces in the medial midfoot.
In response to repetitive cycles of loading that occur when
walking, these changes may, over long periods of time, pre-
dispose people with ﬂat feet to cartilage degeneration and
subsequent development of OA.
Foot pain was common in the study population (36.6%),
although the difference in the prevalence of foot painTable III
Mean maximum forces (SDs) during gait under different regions of
the foot in participants with and without medial midfoot OA
Without OA
(n¼ 170)
With OA
(n¼ 35)
P value
Total 64.03 (15.01) 68.65 (18.41) 0.17
Heel 36.06 (8.65) 37.42 (10.22) 0.47
Midfoot 11.16 (7.04) 15.21 (7.25) <0.01
Metatarsophalangeal
joints 3e5
15.53 (6.61) 16.17 (7.87) 0.66
Metatarsophalangeal joint 2 15.87 (4.07) 13.93 (5.41) 0.05
Metatarsophalangeal joint 1 15.12 (5.41) 13.46 (5.27) 0.10
Hallux 6.25 (2.86) 6.92 (3.04) 0.24
Lesser toes 4.17 (2.10) 3.88 (1.89) 0.41between those with and without medial midfoot OA did not
reach statistical signiﬁcance (48.6 vs 34.1%, P¼ 0.08).
Discordance between symptoms and radiographic features
of OA is well established in relation to the knee28, and we
have recently shown in this sample that the total number
of joints with evidence of radiographic OA is only moderately
associated with symptoms12. However, this ﬁnding needs to
be considered in light of the fact that we did not ask partici-
pants to identify the speciﬁc location or cause of their footFig. 4. Representative plantar pressure recordings of participants
without (A) and with (B) medial midfoot OA.
321Osteoarthritis and Cartilage Vol. 18, No. 3pain, so it is likely that some proportion of symptoms were
unrelated to OA. In contrast, those with radiographic medial
midfoot OA were signiﬁcantly more likely to report having
‘‘foot OA’’ (42.9 vs 17.1%, P< 0.01). This suggests that
something other than pain, possibly stiffness or bony defor-
mity, leads older people with medial midfoot OA to consider
that they have OA in their feet.
Previous studies of midfoot OA have focused on the
tarsometatarsal (Lisfranc) joints rather than the more proxi-
mal TNJ and N1stCJ. Although tarsometatarsal joint OA is
considered to be an inevitable consequence of signiﬁcant
midfoot trauma29,30, primary tarsometatarsal joint OA is
uncommon2,7. Davitt et al.7 compared metatarsal lengths
in nine people who had undergone arthrodesis of the ﬁrst,
second and third tarsometatarsal joints for treatment of idio-
pathic midfoot OA to a control group, and found that those
with OA had a relatively longer second metatarsal. The sig-
niﬁcance of this ﬁnding is uncertain, however the authors
suggested that in the presence of a longer second metatar-
sal, the second tarsometatarsal joint may experience
greater compressive loads when walking, thereby predis-
posing to development of OA. More recently, Rao et al.31 re-
ported that 20 female patients with radiographic OA of one
or more tarsometatarsal joints had lower CIA and higher
C1MA values (indicative of a ﬂatter foot) compared to nor-
mative values reported in the literature, and that shoe inserts
which reduced midfoot loading were effective at alleviating
symptoms in this group. Whether similar mechanisms are
responsible for OA in the tarsometatarsal joints and the
TNJ and N1stCJ requires further investigation, as does the
potential role of foot orthoses as a treatment for foot OA31,32.
The ﬁndings of this study need to be considered in the
context of several limitations. Firstly, the participants were
recruited from a retirement village and a health sciences
clinic (with relatively low response rates), so our sample
cannot be considered representative of the general popula-
tion. Secondly, we have used a novel case deﬁnition of
‘‘medial midfoot OA’’ which combines two joints, rather
than examining each joint individually. We feel that this is
justiﬁed, given that these joints are biomechanically interde-
pendent9, although we acknowledge that approximately half
of those with either TNJ or N1stCJ OA exhibited radio-
graphic OA in one of these joints but not the other. It is pos-
sible that there may be different mechanisms responsible
for isolated TNJ or N1stCJ OA, however a larger sample
would be required to adequately examine this. Finally, the
key limitation of all cross-sectional studies is the inability
to conﬁdently infer causation. It is possible that OA in medial
midfoot joints develops ﬁrst, and subsequently leads to low-
ering of the arch. However, we believe that the relationship
between ﬂat feet, increased loading of the midfoot and sub-
sequent development of OA described here is plausible and
warrants further investigation in prospective studies.Conﬂict of interest
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